The genome DNA of the cyanobacterium Synechocystis sp. PCC 6803 carries a number of insertion sequences (Kaneko, T. et al. 1996, DNA Res., 3, 109-136). We analyzed one of the abundant ISs (\SY203 group of IS^ family) in the common three substrains of Synechocystis and found that the four ISs with identical nucleotide sequences were present only in the "Kazusa" strain, whose complete genome sequence had been determined, while absent in ancestral strains (the original strain from Pasteur Culture Collection and its glucose-tolerant derivative). Three of these ISs were found in the genomic sequence as transposase genes of slll474, slll780 and sir 1635. The fourth was on the plasmid, pSYSM. On the other hand, all three strains had a novel IS (denoted ISY203x), of which the nucleotide sequence was totally identical to the four ISs found only in the Kazusa strain. Since the flanking regions of ISY203x did not match any part of the genome or of the known plasmids of Synechocystis, it is presumably located on a yet uncharacterized plasmid. These suggest that the four ISs in Kazusa strain were recently transposed from lSY203x. Apparently, the transposition inactivated four preexisting genes, of which modified forms are presented as putative genes (slll473, slll475, slrl862, slrl863, slrl635 and ssl2982) in the list of the complete genome (CyanoBase: http://www.kazusa.or.jp/cyano/cyano.html). The possible effects of transposition of ISs in Synechocystis are discussed in relation to phenotypic mutations and microevolution.
Introduction
A unicellular non-diazotrophic cyanobacterium, Synechocystis sp. PCC 6803 is the first photosynthetic organism, of which the complete genome has been determined. 1 Based on the nucleotide sequence, more than 3000 putative genes have been detected and extensive studies of reverse genetics are currently being employed to elucidate their function and physiological roles. Since this species is naturally transformable and capable of heterotrophic growth on glucose, it has been one of the beststudied cyanobacteria for studies of photosynthesis and many other fields.
There are two widely-used substrains for Synechocystis sp. PCC 6803, namely one from the Pasteur Culture Collection (denoted "WT strain" in this study) and its glucose-tolerant derivative, which was originally isolated by Williams (denoted "GT strain" in this study). 2 The
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"Kazusa" strain, of which the complete genome was determined, was derived from GT strain (S. Tabata, personal communication). Growth of WT strain but not GT strain is sensitive to glucose under illumination, even though both of them have a glucose transporter gene. In addition, there are some other properties in which these two strains differ. For example, WT strain is motile, while GT strain is seemingly non-motile. However, no genetic background for these differences has yet been elucidated. Even though information of the complete genome is very powerful for the reverse genetics, it is still very useful to isolate various phenotypic mutants and to identify their mutation by classic approach. Unfortunately, random tagging techniques such as transposon tagging have not yet been fully established for Synechocystis sp. PCC 6803 except for a random cartridge mutagenesis. 3 ' 4 In the course of our attempt to screen non-motile mutants in such mutant libraries constructed from WT strain, we analyzed some flanking regions of the selectable marker and accidentally found that a transposase gene listed in the complete genome sequence was missing in the genome of WT strain.
In this communication, we reported the comprehensive analysis of newly-transposed IS elements, which are listed in CyanoBase but not present in the common strains, and a novel IS, which is present in all strains but not listed in CyanoBase. We discussed these results in relation to phenotypic mutations and possible microevolution in cyanobacteria.
Materials and Methods

Strains and culture conditions
Three substrains of Synechocystis sp. strain PCC 6803 were used in this study. The original strain was isolated from freshwater in California and deposited in culture collections as ATCC 27184 and PCC 6803. 5 We obtained it from Pasteur Culture Collection and named "wildtype" (WT) strain. A glucose-tolerant (GT) strain was isolated from WT strain by Williams.
2 Kazusa strain was kindly supplied by Dr. S. Tabata (Kazusa DNA Research Institute). Synechocystis cells were grown in BG-11 medium supplemented with 5 mM N-Tris (hydroxymethyl) methyl-2-aminoethansulfonic acid-KOH (pH 8.2). 6 
Nucleic acid isolation
Cyanobacterial DNA was isolated from each strain as described previously. 6 It contained plasmid DNA as well as genomic DNA as shown in Results and Disccussion. Plasmid DNA from Escherichia coli was prepared by the standard alkaline lysis procedure. 7 
Southern blotting analysis
For Southern blotting analysis, total cyanobacterial DNA was completely digested with Sau3AI or Hindi, resolved by 0.7% agarose gel electrophoresis and transferred to nylon membranes (Hybond-N + , Amersham, Buckinghamshire, England). Probe DNA was labeled with horseradish peroxidase and detected as chemiluminescence (ECL direct nucleic acid labeling and detection system, Amersham). High-stringency hybridization was performed according to the manufacturer's instructions.
Preparation of DNA for ISs
PCR was performed using Gene Amp PCR System 9700 (Applied Biosystems, San Jose, CA). A mixture of 20 fil contained 50 pmol primers, 0.5 /ig template DNA, 0.2 mM deoxynucleotide triphosphtaes and 2.5 unit ExTaq polymerase (Takara, Japan). Regular PCR was employed with 25 cycles of amplification (94°C for 20 sec, 60° C for 30 sec, 72° C for 90 sec) with oligonucleotide primers (5'-GGCCGAGAATTCTCTATGTCAA-3' and 5'-GTTCTAAAGCTAGGCGGACTTC-3' for slll474, 5'-GAGACGCATTGAAATTATCG-3' and 5'-GACAC-ATAAAAGTGTGAGTG-3' for slll780, 5'-GGATAG-CCGGCTTCATGTTG-3' and 5'-CGAGGGTGTTATG-GCAGGCG-3' for sir 1635).
Cloning of ISY203x
Flanking regions of the novel ISY203x were amplified by the inverse PCR method. 8 The 500 ng of total DNA from Kazusa strain was completely digested by Hindi and electrophoretically separated on a 0.7% agarose gel. DNA fragments of approximately 4.5-6.0 kbp were recovered from an excised gel with a spin column (SUPREC-01, Takara, Japan), self-ligated and used as a template for the inverse PCR with outward primers (5'-TTCTGCCCTTTATTCTATCA-3', 5'-GGTCGTACATAAGTGCGATT-3') corresponding to conserved regions of ISY203 group. Amplification was done with 35 cycles of 94°C for 30 sec, 62°C for 60 sec and 72°C for 300 sec. The PCR product was cloned into pGEM-T Easy vector (Promega, Madison, WI) and subjected to nucleotide sequencing. Based on this sequence, ISY£03x itself was amplified with inward primers (5'-CGAGGAAGTCCTCAGCTTAA-3' and 5'-CTCTCTAGAGAATTGTCATC-3') from the total DNA by PCR. The product was cloned into pGEM-T and then sequenced.
DNA sequencing and analysis
The nucleotide sequence was determined by the dideoxy chain termination method 9 using a DNA sequencer (model 310, Applied Biosystems) and Taq dideoxy chain termination cycle sequencing kit (Applied Biosystems). The DNA sequences were analyzed with the DNASTAR software (Lasergene, Madison, WI), and compared with CyanoBase (http://www.kazusa.or.jp /cyano/cyano.html) and the latest nucleotide and protein database (GenBank 112.0, PDB 86.0, SwissProt 37.0, PIR 60.0, PRF 99-05, DDBJ 37.0, EMBL 58.0) using the BLAST algorithm. 
Results and Discussion
Transposition of an IS into a gene homologous to
phytochrome-like proteins In the course of sequence analysis of non-motile mutants obtained by random cartridge mutagenesis, we accidentally found that a region of a putative gene, sill474, is missing in the mutant derived from WT strain (unpublished data). Since sill474 was registered as a transposase of an IS element in the complete genome of Synechocystis sp. PCC 6803 Kazusa strain, 1 we postulated that this IS was inserted into the genome when Kazusa strain was established. To confirm this, the genomic region harboring slll474 was amplified by PCR using total DNA from different substrains of Synechocystis sp. PCC 6803 as a template (Fig. 1A) . Expectedly, the product from Kazusa strain was about 1.5 kbp in size, which fitted well with the region deduced from the published sequence. 1 On the other hand, the products from GT strain as well as WT strain were nearly 1.2 kbp smaller than that from Kazusa strain. This strongly suggested that slll474 and some flanking regions were missing in those strains.
Sequence analysis of the complete genome which was derived from Kazusa strain revealed that there are eight sets of putative transposase genes homologous to slU4 74, although two of them were split into two pieces by interruption with other types of transposases. A detailed comparison of their nucleotide sequences pointed out that sill474 and the others are almost identical to each other (Table 1 ) and flanked with conserved regions including imperfect inverted repeats at their ends ( Fig. 2A) . In addition, direct repeats of 9 bp were found just outside the inverted repeat in some, but not all, of them (Table 1) . These strongly suggested that the region within the inverted repeats is an IS element having a single transposase gene. To confirm it, the PCR products of about 0.3 kbp derived from both WT and GT strains were cloned and sequenced. It was found that one of the direct repeats and the region of 1174 bp including the inverted repeats in Kazusa strain were missing in these fragments from WT and GT strains, while the other parts were not changed ( Fig. 2A) . Thus, we could define the 1174 bp region as an active IS element and named it ISY203g according to the recommended nomenclature (Kaneko, T., personal communication, see Table 1 ).
Furthermore, two putative genes, slll473 and slll475, which flanked slll474, were fused with the same reading frame without a translation termination codon. Homology search of the protein (S111473-SU1475) of 753 amino acid residues revealed that it was highly homologous to the phytochrome-like protein (Sill 124) n and the putative photoreceptor protein for complementary chromatic adaptation (RcaE) 12 and somewhat less to the cyanobacterial phytochrome (SlrO473) 13 ( Fig. 3) . Alignment of the deduced amino acid sequences clearly demonstrated that SU1473-S111475 protein is highly homologous to those proteins having the chromophore-binding Cys residue in the N-terminal region and His kinase motifs in the Cterminal region. This suggests that the S111473-S111475 protein has a similar activity of light-regulated His kinase like the SlrO473. However, the chromophore binding has not yet been proven in Sill 124 or RcaE experimentally. The sequences which flank the Cys residue were well conserved among S11-S111475, Sill 124 and RcaE but do not correspond to the extra stretch of about 20 residues of SlrO473. In the Synechocystis genome, there are four more genes (sir 1969, slrl393, slrl212 and sU0041) whose deduced sequences around the Cys residue resemble S111473-S111475 protein more than SlrO473, although no functions or activities have not yet been presented for them. Apparently, many phytochrome-like proteins have evolved in at least Synechocystis sp. PCC 6803, probably for adaptation to variable light environments in its natural habitat. It is of note that a regulatory component such as S111473-S111475 was dispensable in Kazusa strain, which has been kept for years under optimal growth conditions.
Comprehensive analysis of ISY203 in the three
substrains To examine whether or not the other eight sets of the ISY203 family are present in WT or GT strain, we performed Southern blotting analysis with 983 bp iJcoRVIBsrGl internal fragments of slll474 as a probe (Fig. 4) . Two restriction enzymes, 5aw3AI and Hindi, were selected for genomic digestion, since they do not recognize inside the ISY203. Strikingly, 4 bands (4.7, 3.6, 3.2, 2.2 kbp in ffincll digests) were exclusively found in Kazusa's DNA, while no bands were assigned as specific to WT or GT strain. Size comparison of bands on the Southern blots with ones calculated from the complete genome of Kazusa strain confirmed the assignment of the bands to the known IS elements (Fig. 4) , except for each three bands of 1.5 kbp, 1.7 kbp and 2.0 kbp in 5au3AI digestion and bands of 1.7 kbp, 3.2 kbp and 5.2 kbp in Hindi digestion.
Synechocystis sp. PCC 6803 has several plasmids ranging from 2.1 kbp to 125 kbp. 14~18 We analyzed the unpublished plasmid sequences (Kaneko, T., personal communication) and found that the 1.5 kbp 5au3AI band and 1.7 kbp ffincll bands well corresponded to the fragment carrying an IS element, lSY203k, on the plasmid pSYSA, while 2.0 kbp 5au3AI band and the 3.2 kbp Hindi band were identified as a fragment carrying 1SY 203 j on the plasmid pSYSM. Thus, all the bands except for the 5.2 kbp Hindi band (Fig. 4 arrows) were reasonably assigned as shown in Fig. 4 . This clearly suggested that Kazusa strain has 4 additional IS elements, lSY203b, 1SY203e, 1SY203g and 1SY203], compared to WT or GT strains. To further confirm this assignment, we performed PCR with primers corresponding to flanking regions of lSY203b, lSY203e and ISY203J based on the published DNA sequence of Kazusa strain (Fig. IB) . In all cases, the PCR products from GT and WT strains were nearly 1.2 kbp smaller than those from Kazusa strain. Notably, these three IS elements have the identical nucleotide sequence with distinct DRs (Table 1 ). This strongly suggests that they originated from the same IS element very recently. Although we have not yet determined the nucleotide sequence of the WT genome before insertion of ISs carrying ISY203b or ISY203e, we can successfully remove them from the Kazusa genome at the nucleotide level. Like ISY203g, after removal of ISY,203b as well as one of the direct repeats, two adjacent ORFs, slrl862 and slrl863, were linked with the same reading frame to form a novel ORF encoding 707 amino acid residues. This putative gene, tentatively named slrl862~slrl863, which is not homologous to any genes in the database, seems to be an original and functional form. On the other hand, ISY203e was inserted just into a potential translational initiation codon of a putative gene, sir 1636, which S111473-S111124 RcaE SlrO473 S111473 S111124 RcaE SlrO473 S111473 S111124 RcaE SlrO473
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is weakly homologous to a hypothetical gene T3K9.11 of Arabidopsis thaliana (GenBank AC004261). Furthermore, the transposition appeared to interrupt a potential promoter on the other strand of a hypothetical gene, ssl2982, which is a homolog of a chloroplast hypothetical gene yc/49 (SwissProt YC49-PORPU). In short, the transposition of the three ISs onto the genomic DNA very likely inactivated four genes, slll473-slll475, slrl862s ir1863, sir 1636 and ssl2982, although we do not know whether these inactivations resulted in alteration of the phenotype of Synechocystis sp. PCC 6803. 
Cloning of a novel IS element
To further explore the origin of these four ISs which were generated in Kazusa strain, we cloned the unidentified band of Hincll-5.2 kbp from Kazusa strain by inverse PCR and determined the flanking sequences of the IS (Fig. 5A) . Based on the sequence determined, inward primers were designed and then the IS element itself was amplified by PCR from the three strains. Expectedly, all three gave PCR products with the same size of 1.3 kbp (Fig. 1C) , in accordance with the presence of the 5.2 kbp band in these strains (Fig. 4) . Nucleotide sequence thus determined revealed that the IS element was flanked with direct repeats of 9 bp (Fig. 5A ) and was 100% identical to the ISY203b, ISY203e, ISY203g and ISY203] ( Table 1) . We tentatively designated this IS element as ISY203x. We also found that the sequence of this IS and the flanking regions (45 bp upstream and 28 bp downstream) of Kazusa strain were identical to those of WT and GT strains (data not shown). Unexpectedly, the nucleotide sequence of the flanking regions showed no homology to any part of the entire Synechocystis genome and plasmids or to any sequences in the databases. Presumably, ISY 203x resides in a yet unidentified plasmid present in a low number of copies, since the intensity of the 5.2 kbp band was almost the same as other bands derived from the genomic DNA (Fig. 4) . Based on the nucleotide sequence, ISY203x should give a 1.7 kbp SauZKl fragment, which fits exactly with the 5aw3AI band in Fig. 4 . In conclusion, we could assign all the bands of ISY203 family on both Southern blots and found that the four of them were present only in Kazusa strain.
The deduced amino acid sequence of the putative transposase in ISY203x (Fig. 5A) was significantly homologous to that of IS 5377 in Bacillus stearothermophilus 19 and weakly to those of other members of the IS-4 family. 20 They have the typical D-D-E motif of phosphoryltransferase. Generally, transposases of the ISf amily have the D-D-E motif with characteristic spacing of 90-110 residues between the second D-containing segment (N3 region) and the E-containing segment (Cl region) , and a C-terminal stretch of more than 20 residues following the E-segment. 20 ' 21 The putative transposases of ISY203 have the D-D-E motif with the space of 92 residues between the D and E residues and the Cterminal stretch of 70 residues. This suggests that the transposase of ISY203x is not a typical member but a distantly related one of the IS4 family. It is supported by the fact that two parts of the IRs are commonly conserved between ISY203 and IS 5577 as typical features of the IRs in the IS^ family (Fig. 5B) . One is the external patch of two or three nucleotides, which are supposed to be recognized for excision by transposase, and another is the relatively large internal region, which is proposed to associate with the transposase. 20 Probably, the internal region of the IRs consists of 5 nucleotides in ISY203 (Fig. 5B) . On the other hand, DRs of each ISY203 have no obvious preference for recognition, as known in the ISf amily. It may be of note that the DRs of ISY203e covered the 8 bp HIP1 sequence (5'-GCGATCGC-3'), which is highly populated in many cyanobacteria. 22 
3.4-Active IS elements in Synechocystis sp. PCC6803
Based on the gene list on CyanoBase, these are 99 putative genes of transposase in Kazusa strain, which are intrinsic to IS elements. According to the sequence analysis (Kaneko, T. personal communication), these transposase genes and flanking regions have been assigned as distinct IS elements, which can be classified as 9 groups. The 1174 bp sequences which we showed experimentally in this communications as insertion of IS elements only in the Kazusa strain, can be denoted as ISY203b, ISY203z and ISY203g. We also demonstrated that ISY203] was inserted in the plasmid in Kazusa strain and proposed that ISY203x, which is present in all strains, is a very likely origin of those ISs. However, we do not know exactly when those ISs were transposed in Kazusa strain or whether they originated directly or indirectly from lSY203x. It was also reported that another IS element was experimentally entrapped in a suicide gene in Synechocystis sp. PCC 6803. 23 The transposed IS (IS5Sa) was 
3-5. Genes affected by transposition of ISY203
The recently transposed four ISs as well as lSY203x, ISY203d and lSY203k have complete direct repeats of 9 bp, while the other ISs do not ( Table 1 ). Considering that most IS^-type elements generate direct repeats at the insertion site by the action of transposase, it is very likely that ISY203&, lSY203c, ISY203t, ISY203h and \SY203i lost the direct repeats after transposition. Since only a few mutations were found inside these IS elements, spontaneous mutations cannot account for such large differences in the 9 bp direct repeat regions. It is known that homologous inter-or intra-molecular recombination between two ISs leads to a loss of their direct repeats as well as the intervening sequence, when they are located in the same orientation in the genome. Adjacent deletions resulting from duplicative intramolecular transposition may cause a loss of direct repeats in ISs, although we do not know the exact mechanism of transposition of the ISY203 family. 21 In both cases, the final form of IS is a hybrid with no apparent direct repeats. Another possible mechanism is a genomic inversion between two ISs resulting in interchange of their direct repeats, if they are arranged in the opposite direction on the same genome. Notably, sequences 9 bp upstream and 9 bp downstream of ISY203i completely matched with the downstream and the upstream sequences of lSY203c, respectively (Table 1), although they are not arranged in the opposite direction. The direction could have been reversed by assuming another genomic inversion of a fragment having one of the two elements. The downstream of ISY 203i and the upstream of ISY203a, were also identical, supporting another genomic inversion event. Based on this hypothesis, we reconstructed the genomic sequence before the transposition and inversion but we could not detect any new genes, in contrast to slll473-slll475.
We also examined the coding region of putative genes listed in CyanoBase and found that some of them are interrupted by ISY203 delimited with inverted repeats and direct repeats. (Table 1 ). In addition to sill 473-slU475, slrl862-slrl863, ssl2982 and slrl636 as mentioned earlier, an IS homologous to IS701 of IS^ family was interrupted by insertion of ISY 203d and two modified transposase genes, slrl682 and slrl683, were generated (Table 1) . Hypothetical genes, slr2037, slrO179, and slr2108, were interrupted by ISY203&, ISY203t and ISY203h, respectively ( Table 1 ). The deduced product of slr2108 is homologous to the ATP-binding subunit of an ABC transporter. These suggest that the insertion of ISY203 caused many possible mutations in Synechocystis sp. PCC 6803, although these ISs were found in all substrains. Since Kazusa strain as well as other strains grow well under photoautotrophic conditions, those modifications did not inactivate the essential parts of the photosynthetic apparatus or housekeeping processes but likely affected some non-essential ones. In fact, we could distinguish Kazusa strain from the parent GT strain in some features, such as competency and glucose tolerance (Kamei, A. and Ikeuchi, M., unpublished). Although the genetic background of these phenotypic features of Kazusa strain has not yet been fully studied, characterization of the IS elements would provide a clue for the differences in phenotype. We are currently studying the gene disruption mutants of sill473-sill475 and sir 1862-slrl863 in WT and GT strains in terms of the competency and glucose tolerance.
